Ag nanoparticles were synthesized at a high concentration (about 10-100 times higher than traditional process) without condensation, by ultrasonic irradiation of a heterogeneous solid-liquid system. This process offers reduced costs of condensation of the prepared solution and waste liquid treatment, compared to the traditional process. Besides, Ag conductive films were prepared with a relatively good electrical resistivity of 3.30 m cm after brief, low temperature sintering.
Introduction
Noble metal nanoparticles show unique physicochemical properties compared to bulk noble metals, due to quantum size effects. Such nanoparticles have attracted considerable attention, and have found applications in various fields such as catalysis, optical materials and electronic materials. [1] [2] [3] Silver nanoparticles have recently been the subject of considerable interest in the electronics industry, particularly as micro-wiring materials, because they have the highest electrical conductivity of all metals and a depressed melting point due to quantum size effects.
3) For practical applications, however, the fabrication of silver nanoparticles at high concentrations is required.
Noble metal nanoparticles have been fabricated by both physical and chemical methods. Unfortunately, these methods are beset with problems, such as high cost, environmental load, and low yield. Physical synthesis methods often require expensive equipment, and can thus have a high initial cost. Meanwhile, in the chemical methods, many anions such as Cl À , NO 3 À , and SO 4 2À often remain in the prepared solution because of the noble metal salts used as metal sources. Removal of these anions adds to the cost. Therefore, the development of low cost, low environmental load, high yield process has been attempted.
As an example of an approach to solving these issues, the synthesis of noble metal nanoparticles by ultrasonic irradiation in ethanol using noble metal oxides as metal sources has been previously reported. 4) Noble metal oxides (solid) are insoluble in ethanol (liquid), so this reaction is referred to as a heterogeneous solid-liquid system reaction. Cavitation bubbles are generated in the system by irradiation with ultrasound. 5) Local high temperature, high pressure ''hotspots'' are formed by the collapse of these bubbles, and various physicochemical effects are induced. 6, 7) Noble metal oxides have very low toxicity, and can be decomposed easily without requiring a strong reducing atmosphere. Furthermore, ethanol is a safe, easily available solvent. Therefore, this process enables the simple, safe preparation of Ag nanoparticles from inexpensive materials. In this paper, we report the synthesis of Ag nanoparticles at a high concentration (about 10-100 times higher than traditional process) without condensation, by ultrasonic irradiation of a heterogeneous solid-liquid system.
Experimental

Materials
We chose toluene as a dispersion medium, and dodecylamine as a dispersant. Ag 2 O (Kojundo Chemical Lab. Co., Ltd.), ethanol (Wako Pure Chemical Industries, Ltd.), toluene (Wako Pure Chemical Industries, Ltd.), and dodecylamine (Wako Pure Chemical Industries, Ltd.) were used as starting materials. The average grain size of Ag 2 O is about 2 mm. All reagents were used without further purification.
Preparation of Ag nanoparticles and conductive film
200 mL of ethanol and toluene were mixed in a 350 mL conical flask. The solvent ratio of toluene was 50 or 75 vol%. 25 mL of dodecylamine was added, and 4.0 to 20 g of Ag 2 O powder was dispersed in the mixed solvent.
Ultrasonic irradiation was performed using an ultrasonic generator (Kaijo Co. Ltd.), which was operated at 50 kHz with an output power of 100 W or 200 W. The irradiation time was varied from 3 to 12 h, while maintaining the temperature of the reaction system at 40 C. Conductive film was prepared by coating the sample precipitate onto a glass substrate. This film was sintered at 250 C for 10 min in an electric furnace.
Characterization
The structural properties of the powder samples were characterized by X-ray diffraction (XRD, Rint 2000, Rigaku, Ltd.). Field emission scanning electron microscopy (FE-SEM, JEOL JSM-7000F, and Model-S-5000, Hitachi, Japan) was used to characterize the microstructure of the samples. Thermogravimetry/differential thermal analysis (TG/DTA, SDT 2960, TA instruments, Japan) was used to characterize the thermo-physical properties of the samples. The electrical resistivity of the Ag membrane was measured by a Hall Effect measurement system (HL 5500PC, Bio-Rad, Ltd.).
Results and Discussion
High-concentration synthesis
High-concentration synthesis of Ag nanoparticles was carried out, with concentrations of Ag 2 O ranging from 20 to 100 g/L and a toluene solvent ratio of 75 vol%. XRD patterns of the Ag 2 O starting powder and the product prepared under ultrasonic irradiation at 100 W for 6 h are shown in Fig. 1 . Ag peaks were observed only after ultrasonic irradiation for concentrations of Ag 2 O higher than 75 g/L. When the concentration of Ag 2 O was increased to 100 g/L, the reduction of Ag 2 O was incomplete after ultrasonic irradiation at 100 W for 6 h.
The reduction of metal ions was previously shown to be enhanced by an increase in the output power; 8) the output power was therefore increased to 200 W in an attempt to completely reduce the 100 g/L Ag 2 O. Figure 2 shows XRD patterns of the products prepared by ultrasonic irradiation at 200 W for 6 and 10 h. These results indicate that 100 g/L of Ag 2 O was completely reduced to Ag by ultrasonic irradiation at 200 W for 10 h. This confirmed that the reduction of Ag 2 O was enhanced by the increased output power. The number of cavitation bubbles has a positive correlation with the output power of the ultrasound. Therefore, the hotspot effect was more pronounced at increased output power, which increased the reduction rate. Figure 3 shows FE-SEM images of completely reduced Ag nanoparticles (Ag 2 O ¼ 20, 75, 100 g/L). Figures 3(a) -(c) show sample supernatants. When the concentration of Ag 2 O was 20 g/L, the average size of the Ag nanoparticles was about 10 nm ( Fig. 3(a) ). The average size of the Ag nanoparticles increased to about 20-30 nm when the amount of Ag 2 O was increased to 75 or 100 g/L (Fig. 3(b), (c) ). This increase in size was due to aggregation of small Ag nanoparticles. With increasing Ag concentration, particle surface coverage by dodecylamine decreased, and aggregation was more likely to occur. Figures 3(d)-(f) show sample precipitates. Ag nanoparticles smaller than 100 nm were observed in each sample. The size distribution of the nanoparticles differed between the supernatant and precipitates, indicating that there are two different mechanisms of Ag nanoparticle formation. The first is direct reduction of Ag 2 O by hotspot effects and ethanol, forming Ag nanoparticles by the aggregation of reduced Ag clusters which are then capped by dodecylamine. The second mechanism is a reaction through intermediate products, such as silver acetate. Ethanol acts as a reducing agent, and is oxidized through acetaldehyde to acetic acid. It has been reported that carboxy radicals are generated by ultrasonic irradiation of acetic acid. 9) Thus, acetic acid is generated by the oxidation of ethanol, and then silver acetate is generated by the reaction of carboxy radicals with unreacted Ag 2 O. The generated silver acetate is thermally decomposed at a hotspot, and Ag nanoparticles are formed. Further investigation is required to fully clarify this formation mechanism.
As described above, high-concentration (about 100 g/L of Ag) synthesis of Ag nanoparticles was achieved by ultrasonic irradiation of a heterogeneous solid-liquid system. In traditional homogeneous liquid systems, such as an aqueous solution of a metal salt, dilute solutions are favorable for the fabrication of metal nanoparticles. This is because the reaction sites are metal ions, so that aggregation is likely to occur, and particles grow significantly at excessive concentrations of the metal salt. In the current process, the collapsing cavitation bubbles around the noble metal oxide particles become new reaction sites. As described in detail elsewhere, the hotspots formed by the collapse of cavitation bubbles have temperatures of $5000 C, pressures of about 1000 atm, and cooling rates above 10 10 K/s. 6,10) Rapid cooling from a very high temperature and rapid decompression from a very high pressure occur continuously at these sites, yielding high supersaturation. As discussed previously, as a consequence of the hotspot effects, the dissolution of noble metal oxides in ethanol and the reduction are accelerated intermittently, or the surfaces of noble metal oxides are directly reduced, and then the nuclei of the noble 
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metal nanoparticles are generated. These hotspots are local reaction sites, and thus the nuclei of the nanoparticles are prevented from significant growth at excessive concentrations of the metal source. The synthesis of metal nanoparticles is thus possible, even from a metal source with a high concentration compared to conventional synthesis.
Effect of toluene on the ethanol solvent ratio
To investigate the effect of the solvent ratio on the products, Ag nanoparticles were synthesized with a reduced toluene to ethanol solvent ratio of 50 vol%. Figure 4 shows XRD patterns of the product synthesized by ultrasonic irradiation with a solvent ratio of 50 vol%. When the concentration of Ag 2 O was 40 or 75 g/L, the Ag 2 O was completely reduced to Ag after ultrasonic irradiation at 100 W for 3 or 5 h, respectively. When the solvent ratio was 75 vol%, however, it took 6 h to completely reduce 75 g/L Ag 2 O, as mentioned previously. The reduction of Ag 2 O was thus enhanced at higher ethanol concentrations. These results confirm that the reducing action of ethanol contributes significantly to the generation of Ag nanoparticles, as does thermal decomposition at hotspots formed by cavitation collapse. Figure 5 shows FE-SEM images of products synthesized with a solvent ratio of 50 vol% and an Ag 2 O concentration of 75 g/L. Figure 5(a) shows the sample supernatant, with the size distribution shown in Fig. 6(a) . The particle size was calculated by image analysis. Figure 6 (a) indicates that the average particle size was approximately 10.0 nm for a solvent ratio of 50 vol%, and approximately 18.1 nm when the solvent ratio was 75 vol%. Thus, the initial particle size became smaller with increasing ethanol concentration. According to classical nucleation theory, the size of a nucleus decreases with increasing nucleation rate. As shown in the XRD pattern, the reduction rate of Ag 2 O increased with increasing ethanol concentration. Therefore, the nucleation rate of Ag nanoparticles increased with increasing ethanol concentration, resulting in decreased particle size. Figure 5 (b) shows a sample precipitate. Particle aggregation was observed when the solvent ratio was 50 vol%, despite brief ultrasonic irradiation. This is because the affinity of dodecylamine for the solvent was depressed by the decreased solvent ratio.
Sintering of Ag nanoparticles
To investigate the thermolytic behavior of dodecylamine, TG/DTA analysis was performed. Figure 7 shows TG/DTA curves of Ag nanoparticles prepared with a solvent ratio of 75 vol% and an Ag 2 O concentration of 100 g/L. An exothermic peak was observed around 400 C with decreasing weight. This peak was due to thermal decomposition of dodecylamine capping the surface of the Ag nanoparticles.
Ag nanoparticles, prepared with a solvent ratio of 75 vol% and an Ag 2 O concentration of 100 g/L, were sintered at 250 C for 10 minutes in an electric furnace. By sintering at a low temperature for a short time, Ag conductive films were prepared with a relatively good electrical resistivity of 3.30 m cm, compared to 1.60 m cm for bulk silver. The conductivity could likely be further improved by controlling the sintering conditions. (a) spuernatant, and (b) precipitate of samples. Synthesis of Highly Concentrated Ag Nanoparticles in a Heterogeneous Solid-Liquid System under Ultrasonic Irradiation
Conclusions
The synthesis of highly concentrated Ag nanoparticles ($100 g/L of Ag) without condensation by ultrasonic irradiation of a heterogeneous solid-liquid system was presented. Using a toluene to ethanol solvent ratio of 75 vol% and 25 mL of dodecylamine, highly-dispersed Ag nanoparticles were prepared. A noble metal oxide and alcohol were used as the metal source and solvent, respectively, so the environmental impact of the process was low. The materials and ultrasonic generator used were not special, and are readily obtainable. Furthermore, this process offers a reduced cost of condensation of the prepared solution, compared to the traditional process. This is thus an ecological, economical, and simple process for noble metal nanoparticle fabrication.
In addition, despite sintering at low temperatures for short times, Ag conductive films were prepared with a relatively good electrical resistivity of 3.30 m cm, compared to 1.60 m cm for bulk silver. Further improvements in conductivity could likely be achieved by careful control of the sintering conditions.
